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We report more than 1400 proteins of the secre-
tory-pathway proteome and provide spatial in-
formation on the relative presence of each pro-
tein in the rough and smooth ERGolgi cisternae
and Golgi-derived COPI vesicles. The data sup-
port a role for COPI vesicles in recycling and
cisternal maturation, showing that Golgi-resi-
dent proteins are present at a higher concentra-
tion than secretory cargo. Of the 1400 proteins,
345 were identified as previously uncharacter-
ized. Of these, 230 had their subcellular location
deduced by proteomics. This study provides
a comprehensive catalog of the ER and Golgi
proteomes with insight into their identity and
function.
INTRODUCTION
Proteomics has successfully mapped protein comple-
ments for several targets, including the nuclear pore com-
plex in yeast (Rout et al., 2000) and clathrin-coated vesicles
in rat brain and liver (Blondeau et al., 2004; Girard et al.,
2005). There is evidence that these efforts have led to com-
plete, accurate, and permanent catalogs: No additional
proteins beyond those identified by Rout et al. (2000)
have been identified as belonging to the nuclear pore com-
plex, and the validity of each protein has been established.
Beyond simple enumeration of the presence or absence of
each individual protein in a sample, several studies (e.g.,
Blondeau et al., 2004; Foster et al., 2006; Kislinger et al.,
2006) have also reported the relative abundance of each
protein. One method gaining acceptance is to use the num-
ber of redundant peptides (obtained from tandem mass
spectra) that identify a protein as a measure of the abun-Cell 1dance of that protein. This opens up new avenues for the
proteomics field. For example, the relative abundance of
proteins can be clustered by similar expression profiles
across tissues or organelles using standard clustering
methods (Kislinger et al., 2006). Such techniques are used
in microarray analysis and provide a convenient and visual
way of understanding the overlap in protein composition
and the associated distribution in relative abundance be-
tween compartments. This may point to common functions
dictated by the compartment to which proteins cocluster.
A complete and accurate map of the secretory pathway
remains elusive. For ER proteins, efforts such as HERA
(Scott et al., 2004a) have compiled only 500 proteins re-
lated to folding chaperones, modifying enzymes, traffick-
ing proteins, and signaling proteins through literature
search and detailed curation. For Golgi proteins, the
most comprehensive catalog contains 421 proteins char-
acterized in Golgi fractions isolated from rat liver (Wu et al.,
2004). However, the literature confirms the Golgi status of
only 26% of these proteins.
This study represents a quantitative proteomic map of
the rough ER, smooth ER, and Golgi apparatus isolated
from rat liver homogenates. The use of highly enriched
organelles and multiple biological replicates and the ex-
tension of the study to biochemical subfractions and
organelle subcompartments as reported here provide
experimental evidence indicating that COPI vesicles con-
centrate Golgi-resident proteins while largely excluding
secretory cargo. In addition to uncovering 345 proteins
of unknown function, these findings also open up new
areas of investigation for the field.
RESULTS
Cell Map Strategy
A strategy was elaborated to map proteins to their intra-
cellular locations using isolated subcellular organelles27, 1265–1281, December 15, 2006 ª2006 Elsevier Inc. 1265
Figure 1. Proteomics of RM, SM, and Golgi Fractions Isolated from Rat Liver Homogenates
(A) EM characterization of random views of filtered preparations (Bell et al., 2001) of isolated rough microsomes (RM) with ribosome-studded micro-
somal profiles, smooth microsomes (SM) with a preponderance of smooth membranes but free polysomes (not shown) and occasional profiles show-
ing ribosome-studded microsomes (arrow), and Golgi apparatus (G) with four different angles of section of Golgi profiles indicated by arrows. Scale
bar = 0.5 mm.
(B) Comparison of redundant peptide counts with quantitative western blotting. The inset indicates the relative proportion of subcellular fractions
within the linear response range for detecting albumin as visualized on X-ray films. The solid histograms represent the relative proportion of albumin
antigenicity as deduced from g counting (Bell et al., 2001) of the excised bands corresponding to albumin in RM, SM, and Golgi fractions. The white
histograms represent peptide counts for albumin. In this and all other figures, error bars represent ±SD (n = 3) unless otherwise noted.1266 Cell 127, 1265–1281, December 15, 2006 ª2006 Elsevier Inc.
and tandem mass spectrometry. Isolated organelles were
solubilized and their protein content was separated by
SDS-PAGE. Each protein lane was cut into slices (1
mm) and subjected to trypsin digestion followed by tan-
dem mass spectrometry. To analyze derived data sets,
we utilized a redundant peptide counting approach (Blon-
deau et al., 2004) as a quantitative representation of what
the tandem mass spectrometer observed. The data are vi-
sualized as for microarray data (Cox et al., 2005; Kislinger
et al., 2006). All tandem mass spectra were matched to the
rat database with a confidence of >95%.
Organelle Isolation and Characterization
Well-established protocols were followed for isolation of
RM (rough microsome), SM (smooth microsome), and
Golgi fractions (Bell et al., 2001; Paiement et al., 2005).
These subcellular fractions have been previously charac-
terized by marker enzyme analysis, morphometry at the
EM level to assess homogeneity, and a prior proteomics
analysis for the Golgi fraction (Bell et al., 2001). Here, a ran-
dom sampling methodology confirmed the homogeneity
of these fractions (Figure 1A), although the SM fraction
also contained contaminating free polyribosomes (data
not shown). Enzyme analysis (see Figure S1A in the Sup-
plemental Data available with this article online) confirmed
the enrichment of the ER marker glucose-6-phosphatase
in the RM and SM fractions and the Golgi marker galacto-
syltransferase in the Golgi fraction.
Quantitation of Tandem MS-Deduced Peptides
To test the validity of redundant peptide counting as an in-
dex of protein abundance in this study, we first compared
this to quantitative western blotting using 125I-labeled an-
tibodies to albumin, the major secretory protein of liver
(Figure 1B), which revealed a similar distribution. This dis-
tribution was also observed with independent experi-
ments using the tandem mass spectrometer and the re-
dundant peptide counting method. Indeed, comparison
of redundant peptide counts with enzyme assays for
glucose-6-phosphatase and galactosyltransferase con-
firmed that these marker enzymes were concentrated in
the RM and SM or Golgi fractions, respectively (Fig-
ure S1A). A monotonic relationship between redundant
peptide counts and protein abundance was also deduced
from Figure S1B, in which increasing amounts of a SM
fraction were applied to 1D SDS-PAGE. The results of
the analysis of test protein samples are indicated in
Figure S2, which further attests to the method as an index
of protein abundance.Cell 1Analysis of RM, SM, and Golgi Fractions by Tandem
MS: A Test for Homogeneity and Contamination
The results of the proteomics analysis (Tables S1A–S1D)
are shown in Figure 1C (from Table S1D). All proteins
and associated mass spectra were assigned to 23 cate-
gories, as described in the Supplemental Experimental
Procedures. For RM, the highest number of peptides
was for proteins involved in protein synthesis and folding;
for SM, this category as well as proteins in the detoxifica-
tion category showed the highest peptide abundance.
Soluble biosynthetic cargo (largely plasma-destined pro-
teins) was the most prominent on a peptide basis for Golgi
fractions, as well as terminal sugar transferases and other
protein modification enzymes of the protein modification
category.
The redundant peptide counting method enabled a sim-
ple estimate of contamination by other organelles (Table
S1D). As seen in Table S1D (for summary, see Table S2),
peptides of mitochondrial proteins are by far the most
prevalent, followed by peroxisomes. Western blot of
plasma membrane markers suggested that plasma mem-
brane proteins contaminated SM but not Golgi fractions
(Figure S3). Regardless, all proteins annotated as plasma
membrane were considered contaminants. Lysosomes
and proteins derived from the nucleus were scarce (Table
S1D) as deduced by redundant peptide counting (Table
S2). The data in Table S2 estimate contaminants as
20% of all assigned peptides. An independent estimate
by morphometry of EM of the Golgi fractions suggested
16% contamination, largely by endoplasmic reticulum
(Bell et al., 2001). Mitochondria were only 1% of the vol-
ume of stacked Golgi cisternae. However, due to their
dense proteinaceous content, 10% of all peptides in
Golgi fractions as deduced by proteomics are attributed
to the mitochondria.
In order to assess the degree of crosscontamination
among the isolated organelles, we selected a subset of
proteins considered markers for the ER and Golgi appara-
tus. As illustrated in Figure 1D, redundant peptides as-
signed to the translocon constituent sec61a are highly en-
riched in the three biological isolates of RM fractions. Less
sec61a peptides are observed in the three SM fractions,
and only a few peptides are observed in the three Golgi
fractions. The oligosaccharyltransferase constituent ribo-
phorin II is also highly enriched in the three RM fractions,
but with a significant proportion seen in the three SM frac-
tions and a variable, low amount observed in the three
Golgi fractions. Proteins expected to be equally distrib-
uted between the rough and smooth ER (e.g., calreticulin,(C) Quantitative distribution of peptides assigned to proteins classified into 23 functional categories. A total of 35,645 tandem mass spectra were
assigned to proteins in the indicated 23 categories. The arrows indicate the categories with the highest abundance of peptides for each subcellular
fraction.
(D) Crosscontamination of ER (RM and SM) and Golgi fractions (G). Shown are peptide counts for each biological replicate (indicated as RM1, RM2,
RM3, etc.) normalized to the highest concentration of the markers observed in any biological replicate. The maximal value (% total peptides) was set
as 100%, and all other % total peptides were normalized to this 100%.
(E) Principal coordinate analysis (PCA) of the biological replicates (n = 1, 2, 3) of RM and SM fractions and their distinctiveness from the Golgi fractions.
Data are from Table S1D.27, 1265–1281, December 15, 2006 ª2006 Elsevier Inc. 1267
the protein disulfide isomerase A4, and calnexin) indeed
revealed such a distribution, with a variable, low amount
detected in the three Golgi fractions. Golgi-resident pro-
teins were largely enriched in the Golgi fractions, with
few peptides detected for these proteins in the RM and
SM fractions (Figure 1D). From these selected proteins,
the ER character of the RM and SM fractions is evident,
as is the Golgi character of the Golgi fractions.
We next applied hierarchical clustering commonly used
for microarray analysis to the proteomics results of the
RM, SM, and Golgi fractions. When these data were sub-
jected to principal coordinate analysis (PCA) (Figure 1E),
the areas encompassed by the RM and SM fractions over-
lap and are distinct from that of the Golgi. However, as
predicted from the selected data represented in Figure 1D,
the n = 2 Golgi fraction is more contaminated with ER and
occupies a point in closer proximity to the ER fractions.
Hence, PCA affirms that the variability among replicate
isolations of a single organelle is much smaller than the dif-
ferences between the organelles (ER and Golgi). Again,
the use of hierarchical clustering with a Pearson correla-
tion was used to visualize protein abundance measures
(Figure S4). Since confounding organellar contaminants
as well as other likely sources of contamination (keratins,
trypsin, and proteins from cells of nonhepatic origin)
were readily identified (Table S2), these 320 proteins
were removed from the analysis (Figure 2A).
Closer analysis of selected clusters (Figure 2B) revealed
proteins that cocluster with sec61, calnexin, p97, and
mannosidase II (MannII). The most abundant proteins in
the RM-associated sec61 cluster included the J domain
and Brl domain-containing translocon constituent sec63
(Jermy et al., 2006). Other proteins in this cluster were
the ribosome and nascent chain-associated NAC proteins
(NACa and BTF3) as well as a ubiquitin-conjugating en-
zyme. Prominent proteins included the postulated RNA-
binding protein vigilin (Goolsby and Shapiro, 2003) as
well as several other RNA-binding proteins (see Table
S4). Proteins that coclustered with calnexin included glu-
cosidase II, protein-folding enzymes such as PDI and
Ero1, which provides the reducing equivalents for the
oxidizing environment of the ER, peptidyl cis-trans isomer-
ase, and the hypoxia-upregulated stress protein GRP170.
Moreover, abundant proteins characteristic of the liver ER
were also found in this cluster. These included NADPH
cytochrome P450 reductase, which is responsible for con-
trolling electron flow through each of the more than 35 cy-
tochrome P450s characterized in the ER proteome, and
the metabolic enzyme transketolase of the pentose phos-
phate shunt, which is involved in glucose metabolism
and is a target for cancer therapy (Langbein et al., 2006).
A cluster with proteins mainly concentrated in smooth mi-
crosomes included the AAA family member p97 as well as
the glycoprotein folding sensor UGGT and an abundant
Ca/Mg ATPase related to that of the sarcoplasmic reticu-
lum. Also found in this cluster was reticulon 3 protein,
a constituent of a family of proteins implicated in the tubu-
lar structure of the smooth ER (Voeltz et al., 2006). This1268 Cell 127, 1265–1281, December 15, 2006 ª2006 Elsevier Icluster also contained BAP31 and Gas2 proteins, which
are causally implicated in apoptosis (Benetti et al., 2001;
Stojanovic et al., 2005).
An unexpected finding was that the RDEL-terminating
PDI family member ERp44 codistributed with ERGIC-53,
four p24 family members, and MannII (Figure 2B). This
was confirmed by indirect immunofluorescence using
a polyclonal antibody to ERp44 that revealed a predomi-
nant juxtanuclear staining (Figure 2C) largely overlapping
in staining with the Golgi marker GM130 (Figure 2C,
merged). Some reticular ER-like staining was also found,
consistent with the redundant peptide counts.
Biochemical Subfractionation of RM and SM
Fractions to Extend the ER Proteome
The most abundant protein in the RM, SM, and Golgi frac-
tions was serum albumin, with 570 redundant peptides in
nine experiments. Hence, only two orders of magnitude
were available for the detection of less abundant proteins.
In order to detect these proteins, membranes were bio-
chemically subfractionated by salt wash (S) to concentrate
cytosolic membrane peripheral proteins followed by de-
tergent extraction with Triton X-114 and phase separation
to separate the soluble and lumenal proteins from the
membrane proteins based on their partition into the aque-
ous (A) or the detergent (D) phase, respectively (Bordier,
1981). Figure S4B shows the hierarchical clustering of
n = 3 replicates of the biochemical subfractions of RM
and SM, and Figure 3A shows the hierarchical clustering
of the mean values for each biochemical subfraction. Six
clusters (Figure 3A) correspond to 77% of all of the as-
signed peptides (see Table S3B). Remarkably, these six
clusters define proteins restricted to a limited number of
functional categories, as represented with histograms in
Figure 3B. Analysis of the individual proteins representing
those in the most abundant categories (indicated by
arrows in Figure 3B) is shown in Figure 3C. Notably,
for the BiP cluster, most proteins were molecular chaper-
ones and protein-folding enzymes known to be soluble
luminal ER proteins and largely observed to be in the
aqueous phase after Triton X-114 partitioning. The actin
cluster constituted largely insoluble cytoskeletal proteins
including molecular motors (kinesin family protein 13A,
various myosins, and several components of the dynein/
dynactin complex) and was largely localized to smooth
microsomes.
Several proteins were insoluble in Triton X-114. Those
insoluble proteins concentrated in RM and were largely ri-
bonucleoproteins, RNA splicing factors, and DnaJ paral-
ogs of as yet uncertain mechanistic significance that co-
clustered with the poly(A)-binding protein in the rough
ER fraction. That these proteins were not removed by
high salt suggests a strong interaction with the membrane
of the rough ER. Similarly, the significance of the arginase
cluster, consisting of metabolic enzymes removed by high
salt and therefore loosely associated with the cytosolic
surface of the rough ER, remains unknown. This cluster
also contains elongation factor 2 and consists largely ofnc.
Figure 2. Hierarchical Clustering of Proteins that Codistribute with sec61, p97, Calnexin, and MannII and Immunolocalization of
ERp44
(A) The RM, SM, and Golgi data (n = 3) from Table S1D (% total peptides) were averaged (Table S3) and used to generate the heat map. Clusters that
contained sec61, p97, calnexin, and MannII as markers were selected (Pearson correlation coefficient > 0.90).
(B) Mean values for proteins in each of these clusters (Table S3) were plotted individually (Normalized % Total Peptides). ERp44, a RDEL-terminating
member of the ER protein disulfide isomerase family, coclusters with the Golgi marker MannII (correlation coefficient > 0.95).
(C) Indirect immunofluorescence of ERp44 reveals a dual Golgi and ER localization as seen by colocalization with the cis-Golgi marker GM130. Scale
bar = 25 mm.Cell 127, 1265–1281, December 15, 2006 ª2006 Elsevier Inc. 1269
Figure 3. Protein Clusters in Biochemical Extracts from RM and SM Fractions
RM and SM fractions were extracted with high salt to give a salt wash fraction (S). This was followed by solubilization with Triton X-114 and resulted in
a detergent-resistant insoluble fraction (I). The detergent-soluble proteins were further partitioned into detergent (D) and aqueous (A) fractions follow-
ing a temperature shift as outlined in the Supplemental Experimental Procedures.
(A) Hierarchical clustering using Pearson correlation of the mean total % peptide counts of the three biological replicates for each biochemical fraction
of the RM and SM was performed (Table S3B). Shown are the BiP cluster, the actin cluster, the poly A binding protein cluster, the arginase and elon-
gation factor 2 cluster, the cytochrome P450 cluster, and the ribophorin cluster.1270 Cell 127, 1265–1281, December 15, 2006 ª2006 Elsevier Inc.
proteins involved in translation or folding. The cytochrome
P450 cluster reflects a major function of the ER in lipid and
steroid oxidation and drug detoxification. Finally, the ribo-
phorin cluster defines integral membrane proteins (TX-114
soluble phase) of major functional significance in the en-
doplasmic reticulum for protein modification reactions
that include N-linked glycosylation. Indeed, detailed anal-
ysis of all clusters (Table S3B) supports the conclusion
that biochemical subfractionation of the RM and SM frac-
tions led to the concentration of proteins with specific sub-
organellar locations. This extended the ER proteome by
35% (463 proteins, contaminants excluded, as deduced
from Table S1D and Table S2).
Extension of the Golgi Proteome
Golgi membranes were treated in a fashion similar to the
RM and SM fractions. As deduced from Table S4, this
did not extend the Golgi proteome significantly. A total
of 43 additional proteins were identified using this ap-
proach, yielding little insight over our previous work (Bell
et al., 2001). Therefore, we incubated the Golgi mem-
branes with cytosol to form COPI vesicles and isolated
these through sedimentation and flotation for further anal-
ysis. The protocol used, which has been previously vali-
dated by us and reviewed by others (Rabouille and Klum-
perman, 2005), allows for the formation of vesicles that
form in a COPI-specific manner. This requires the pres-
ence of cytosol, an ATP-regenerating system, and GTP
hydrolysis. Very few vesicles are generated merely as
a consequence of mechanical fragmentation (Kartberg
et al., 2005; Lanoix et al., 1999; see also morphometry of
Golgi fractions in Figure S5). The ARF-GAP required for
ARF-1-specific sorting is supplied by the cytosol along
with other factors. As vesicles can readily fuse once
formed, the reaction mixture was supplemented with a re-
combinant and dominant mutant of a-SNAP to inhibit
NSF-specific fusion. Figure 4 shows the homogeneity of
the vesicles, with a diameter distribution largely of 45–60
nm (Figures 4A–4F). Larger structures were seen on occa-
sion (Figure 4E) and were accounted for in the quantita-
tion. A vesicle fraction where GTP hydrolysis was inhibited
by addition of the nonhydrolyzable GTP analog GTPgS
was also generated. These vesicles were found to have
a broader diameter distribution (45–75 nm, Figures 4G–
4L), possibly due to a higher degree of coated vesicles
in the presence of GTPgS.
The results shown in Table S1D allow for an estimate
for contamination of these vesicles (Figure 4M) to a max-
imum of 20% by ER. Contamination from other organ-
elles is summarized in Table S2. PCA using the Euclidean
metric (Figure 4N) reveals the distinctness of the COPI
vesicle fractions (generated with hydrolyzable GTP) asCell 1compared to the COPI GTPgS vesicle fractions or Golgi
fractions.
Quantitative representation of protein abundance
(Figure S6A; Table S1D) enabled us to develop new con-
cepts in the functions of Golgi and COPI vesicles. The
Golgi fraction (G) indicates a prevalence of proteins repre-
senting soluble secretory cargo (plasma-destined pro-
teins), while COPI vesicles (C) reveal a prevalence of pro-
teins involved in posttranslational modification reactions
(largely glycosylation enzymes). COPI GTPgS vesicles
(g) revealed coat proteins, although they also exhibit
a broader distribution of proteins in the 23 functional cat-
egories. A total of 1191 different proteins were character-
ized, of which 279 were other organellar contaminants as
identified in Table S1D and Table S2. After removal of the
contaminants, hierarchical clustering (912 proteins;
Figure S6B) was used to compare the protein expression
data.
The experiments were highly reproducible (Table S1D;
Figure S6B). Based on the reproducibility, the mean
values for n = 3 experiments for each fraction were
used; hierarchical clustering of these data is shown in
Figure S7A. Figure S7B shows nine of the clusters in
more detail, representing 71% of the peptides. The
Rab6 and p115 clusters (which represent proteins re-
stricted to Golgi cisternae) predominantly contain proteins
that, with a very high degree of certainty, can be classified
as biosynthetic cargo. These include serum albumin, of
high abundance in the G fraction but present in a 2-fold-
reduced amount in the C and g fractions. Apolipoprotein
B, another abundant cargo of the hepatic cell, is equally
decreased in the two vesicle fractions, C and g (Fig-
ure S7B, p115 cluster). These data are consistent with ear-
lier immunogold-based labeling studies of thin frozen sec-
tions of both hepatic (Dahan et al., 1994) and pancreatic
cells (Martinez-Menarguez et al., 2001), revealing a dimin-
ishment of soluble synthetic cargo in peri-Golgi vesicles
including both albumin and apolipoprotein E (Dahan
et al., 1994). Additionally, these clusters include Rab6
and Rab33b, two small GTPases involved in COPI-inde-
pendent Golgi-to-ER recycling (Girod et al., 1999; Vals-
dottir et al., 2001). Syntaxin 5 (a Q-SNARE with a less po-
larized distribution across the Golgi stack; Hay et al.,
1998), p97, and g-SNAP were also found more frequently
in the G fraction, as were the clathrin heavy chain and
rSly1p. The latter is a SNARE-interacting protein belong-
ing to the Sec1/Munc18 family of proteins, which are all
central to the regulation of intracellular protein transport
(for review, see Peng, 2005).
That the clathrin heavy chain (but not light chain) distrib-
uted to the p115 cluster (Table S3C) may be indicative of
contamination with clathrin-coated vesicles. The removal(B) The categories of proteins observed for each cluster, with the particular biochemical extract identified by color as seen in the boxes in the legend.
Not all 23 categories are shown; the major categories are indicated by arrows. RS = RM salt wash, RI = RM insoluble, RD = RM detergent, RA = RM
aqueous, SS = SM salt wash, SI = SM insoluble, SD = SM detergent, SA = SM aqueous.
(C) Distribution of proteins among the biochemical fractions that cocluster (Table S3B). The most prominent protein in each cluster (excluding the
ribosomal proteins) is indicated by a dashed line.27, 1265–1281, December 15, 2006 ª2006 Elsevier Inc. 1271
Figure 4. Morphology and Proteomics of COPI Vesicle Fractions
Ultrathin sections of floated vesicles reveal predominantly intact and homogenous vesicle populations. Vesicle fractions have been treated with tannic
acid to reveal coat structures. Vesicles were generated by incubating purified rat liver Golgi with cytosol in the absence (A–F) or presence (G–L) of the
nonhydrolyzable GTP analog GTPgS.
(A, B, G, and H) Random fields of vesicles from processed fractions. Scale bars = 250 nm.1272 Cell 127, 1265–1281, December 15, 2006 ª2006 Elsevier Inc.
of coatomer from the cytosol, however, results in a near
complete diminishment of vesicular profiles observed in
the vesicle fraction (Lanoix et al., 1999). The ARF ex-
change factor GBF1 was also largely depleted from the
vesicle fractions, consistent with its function in promoting
GDP-to-GTP exchange on ARF proteins on the cisternal
membranes of the Golgi apparatus.
For the p24 cluster, two family members (b and g) were
nearly equal in the G, C, and g fractions. Most of the COPI
coat components (5 of the expected 7) were found in the
COPI cluster. The two isoforms of gCOP, 1 and 2, were
readily identified, indicating that more than one class of
COPI vesicles was represented in the vesicle fraction
(Wegmann et al., 2004). All coat components increased
in abundance in the g fraction as compared to the C frac-
tion, indicating that the former contained more coated
structures, consistent with the broader diameter distribu-
tion found in this fraction. Taken together, the COPI coat-
omer cluster highlights the COPI nature of the C and g
fractions. A related cluster, the ERV29 cluster, highlights
proteins enriched only in the g fraction. This cluster con-
tains mostly ER proteins (dominated by ER detoxification
enzymes), albeit at low amounts (see Table S1D). This
would suggest that the g fraction, even though clearly dis-
tinct (Table S1D), does not represent a faithful extension of
the Golgi proteome in that non-Golgi ER contaminants ac-
cumulate therein. Therefore, we used the g fraction only to
explore the behavior of proteins that are also found in the
G and C fractions (e.g., the COPI coat proteins).
The remaining clusters presented in Figure S7B high-
light proteins that are enriched to a greater extent in the
C fraction than in the G fraction and, to a different extent,
the g fraction. The Rab1 cluster contains Rab1 and Rab2
as well as the SNARE proteins rBET1 and Gos-28. MannII
is also present in this cluster, which belongs to the larger
family of glycosylation enzymes dominating but not exclu-
sive to this cluster. The cluster with Vti-1b, a SNARE pro-
tein implicated in regulated secretion (Murray et al., 2005),
also reveals a sec22 sequence homolog of unknown func-
tion, sec22A (Hay et al., 1996), as well as one of the key
regulatory enzymes in gluconeogenesis (a major function
of the liver), fructose 1,6-bisphosphatase (FBP). This clus-
ter is also dominated by enzymes involved in protein mod-
ification (i.e., glycosylation enzymes) and the protein cal-
nuc (Le-Niculescu et al., 2005). The membrin cluster
contains proteins that are more equally distributed be-
tween the two vesicle fractions than the G fraction. The
coatomer component b0 is found in this cluster, as areCell 1two SNARE proteins, sec22b and membrin. The Golgin
84 cluster also contains CASP. These were used previ-
ously to highlight different COPI vesicles (Malsam et al.,
2005) formed in vitro. That both are enriched in the C frac-
tion further highlights the COPI nature of this fraction. Fur-
thermore, nine of the previously uncharacterized proteins
in our extended Golgi proteome were found in this cluster.
An attempt to define the cargo of COPI vesicles is illus-
trated in Figure 5. The analysis of nine abundant secretory
cargo proteins in three different biological replicates of
RM, SM, Golgi, and COPI vesicle fractions generated
with either hydrolyzable (C) or nonhydrolyzable (g) GTP re-
vealed a reproducible enrichment and concentration of
these proteins in Golgi cisternae (Figure 5A). An exclusion
of these proteins in COPI vesicles was found that for sev-
eral was near complete. This depletion was maximal for
COPI vesicles generated with hydrolyzable GTP (C).
The opposite result was seen with resident Golgi pro-
teins (Figure 5B). Here, maximal enrichment in concentra-
tion was observed in COPI vesicles, but only if these were
generated with hydrolyzable GTP. For these Golgi-resi-
dent proteins, their concentrations in COPI vesicles (C)
were in all cases higher than in Golgi cisternae. However,
the enrichment of MannII was not as marked as GalNac-
T1 in COPI vesicles, suggesting differences in degrees
of sorting. In a strict cisternal maturation scheme, these
results are unexpected, warranting further studies.
A Proteome of the Secretory Pathway
A schematic overview of the proteome of the secretory
pathway is presented in Figure 6A depicting the number
of proteins unique to the ER (832) and the Golgi (193)
and proteins that occupy both the ER and the Golgi
(405). After removing contaminants and biosynthetic
cargo, we conclude that 832 proteins are constituents of
the endoplasmic reticulum with no peptides detected in
Golgi/COPI vesicles. These largely correspond to ribo-
somal proteins, translocon constituents, molecular chap-
erones, and proteins involved in lipid oxidation and drug
detoxification, as well as proteasome subunits and ubiqui-
tin ligases speculated to be involved in ERAD (Table S5A).
For the 193 proteins found only in Golgi/COPI vesicles (no
peptides detected in ER fractions), terminal sugar trans-
ferases, CASP, Golgin, SNAREs, and a subset of Rabs
and COGs were prominent. The 405 proteins shared be-
tween the ER and the Golgi varied from those more en-
riched in Golgi (e.g., calnuc) to those more enriched in
the ER (e.g., cytochrome P450s) as well as trafficking(C, D, I, and J) Higher magnifications of discrete vesicles. Scale bars = 100 nm (C and I) and 50 nm (D and J).
(E and K) Large vesicles (E) and clusters of vesicles (K) are seen occasionally. Scale bars = 100 nm.
(F and L) Size distributions of vesicles in the two fractions. In the absence of GTPgS, vesicle profiles had an average diameter distribution of 45–60 nm
(F), whereas in the presence of GTPgS, vesicle profiles had an average diameter distribution of 45–75 nm (L). The larger diameter distribution seen in
(L) is consistent with a coat. Roughly 800 vesicle profiles were measured in each fraction. The difference in darkness between (A)–(E) and (G)–(K) re-
flects variation in the degree of tannic-acid staining.
(M) Selected known ER markers were assessed for peptide counts in the isolated subcellular fractions (ER, Golgi [G], COPI vesicles [C], and COPI
GTPgS vesicles [g]) and normalized to the highest concentration of the markers in the ER fraction. The biological replicate is indicated after the fraction
(e.g., G1 = Golgi n = 1).
(N) Principal component analysis of Golgi, COPI vesicles, and COPI GTPgS vesicle fractions.27, 1265–1281, December 15, 2006 ª2006 Elsevier Inc. 1273
Figure 5. Cargo of COPI Vesicles Compared to RM, SM, and Golgi Fractions
(A) Nine abundant biosynthetic cargo proteins were plotted over three biological replicates of rough and smooth microsomes (RM and SM) and three
Golgi (G), three COPI (C), and three COPI GTPgS (g) fractions as normalized peptide counts. In all cases, proteins are greatly diminished in C versus G
fractions.
(B) Nine abundant Golgi-resident proteins of the protein modification category are shown and plotted as in (A). In all cases, their concentration in-
creases in C versus G fractions. Proteins with mean % total peptidesR 0.15% over all replicates of RM, SM, G, C, and g fractions were selected
for this figure. The maximal value (% total peptides) was set as 1.0, and all other % total peptides were normalized to the maximal value. PPGAN-
TASE-T2 = UDP-N-acetyl-a-D-galactosamine polypeptide N-acetylgalactosaminyltransferase 2; MGAT1 = a-1,3-mannosyl-glycoprotein 2-b-N-ace-
tylglucosaminyltransferase; SCAN-1 (UDPASE) = soluble calcium-activated nucleotidase.1274 Cell 127, 1265–1281, December 15, 2006 ª2006 Elsevier Inc.
proteins expected to move between the two compart-
ments (e.g., p24s, ERGIC-53, etc.) (Table S5C).
Of the 1430 proteins assigned to the ER and Golgi
(Figure 6A), 28% were integral membrane proteins (Table
S1D) as predicted by TMHMM and SignalP as well as by
literature searching or biochemical extraction into Triton
X-114. Both the number and proportion of integral mem-
brane proteins are higher than previously reported for or-
ganellar proteomics (Yates et al., 2005).
Comparison of Protein and RNA Expression Profiling
of the Membrome (Rab GTPase Trafficking
Networks)
Using mRNA expression profiles, Gurkan et al. (2005) or-
ganized membrane trafficking components into transport
networks that they proposed to be coordinated by Rab-
regulated protein hubs. These ‘‘membrome’’ networks
(terminology of Gurkan et al.) should be expressed in the
ER, Golgi, and COPI vesicle fractions generated in this
study (we omitted the g fraction for reasons listed above).
A total of 32 Rabs were uncovered in our proteomics study
(Table S1D). Twenty were identified in the total fractions of
RM, SM, Golgi, and COPI vesicles (Figure 6B). Of these,
Rab1A, 1B, 7, 2A, 6, 14, 10, and 18 were the most prom-
inent. Dejgaard et al. (J.F. Presley, personal communica-
tion) have localized these Rabs by GFP tagging. Rab1A,
1B, 2A, 6, and 14 were all either exclusively Golgi localized
(Rab6) or were additionally localized in the ER (Rab1A, 1B,
and 2A) or endosomes (Rab14). Rab10 was detected in
the ER only. Rab7 is endosomal (Chavrier et al., 1990),
and its characterization here along with Rab5 may be in-
dicative of endosomal contamination. All 32 Rabs (Table
S1D) showed expression in the liver RNA profiling studies
of Gurkan et al. (2005). Similarly, we found 16 SNAREs by
proteomics (Figure 6B; Table S1D), 3 of which were not
present in RNA expression data.
We have compared the proteins of the Rabome includ-
ing Rab regulators, effectors, and related phosphatases
and kinases (Figure S8A). COPI vesicle fractions show
high enrichment of Rab regulators; the most prominent
Rab, Rab6, is most enriched in Golgi fractions, while
Rab14 appears more enriched in COPI vesicle fractions.
Rab1A, 1B, and 2A appear to be distributed between
Golgi and COPI vesicle fractions.
As expected, the SNAREome (Figure S8B) reveals
a high abundance of Gos-28 and a sec22 homolog, as well
as sec22 itself, in COPI vesicle fractions, with a variable
amount in Golgi fractions. For coatomer (Figure S8C),
most subunits were readily identified in the COPI vesicle
fraction and a variable amount in the Golgi fractions,
with the ARF guanine nucleotide exchange factor GBF-1
more restricted to the Golgi fractions. The membrome
(Figure 6C) compares 90 of the genes identified by Gurkan
et al. (2005) with our protein expression and localization
attempts via peptide counting. Although the proteomics
localization data clearly require more detailed analysis,
the ease of comparing these data with transcriptional
profiling is evident.CellProteins of Unknown Function
345 proteins were characterized as proteins of unknown
function. As illustrated in Figure 7A, 234 were character-
ized in RM, SM, Golgi, and COPI vesicle fractions. Their lo-
cations are indicated by their codistribution with marker
proteins. The remaining 111 proteins of unknown function
were mainly of lower abundance and were found in bio-
chemical extracts of RM, SM, and Golgi fractions or in
COPI vesicle fractions generated with GTPgS (Table
S1D). We validated the localization of two of the proteins
in Figure 7A, as well as a protein not yet identified in rat
protein databases (Figures 7B and 7C). These proteins’
distributions by redundant peptide counting predict a lo-
cation in the endoplasmic reticulum (Figure 7C). Using
monomeric YFP, they were expressed as fusion proteins
as indicated in Supplemental Experimental Procedures
and revealed an ER localization (Figure 7B). During the
course of our studies, one of these proteins was uncov-
ered and localized to the cytosol (Bornhauser et al.,
2003). Therefore, we raised a peptide-specific antibody
to this protein, which revealed only one band by western
blotting (Figure S9A). Immunolocalization confirmed the
prediction for the YFP chimera—i.e., that the protein
was in fact ER localized (Figure S9B). The saposin domain,
the ER retrieval signal, and the cleaved signal sequence
indicate that it is unlikely to be primarily cytosolic as pre-
viously reported. Localization motifs were not always
found on several of the other proteins uncovered here.
The elucidation of the mechanistic function of the 345 pro-
teins may represent the discovery of a major aspect of the
organellar proteomics effort and opens up new avenues of
investigation for the field.
DISCUSSION
This proteomics study has provided a near complete ac-
counting of proteins in the endoplasmic reticulum and
Golgi apparatus of rat liver parenchyma. The methodology
is likely applicable to all current tandem mass spectrome-
try-based proteomics efforts. Furthermore, the data serve
as a foundation for the resolution of long-standing prob-
lems regarding the secretory pathway.
Methodology
There is a growing acceptance that the accounting of all
reliably assigned (>95% probability) tandem mass spectra
is related to protein abundance, and this conclusion was
supported here. Isolated organelles are, however, always
potentially contaminated with other compartments of the
cell. Mitochondrial, peroxisomal, lysosomal, and nuclear
proteins and proteins from other cells were readily de-
tected and quantitatively accounted for by the redundant
peptide counting method. We conclude that the ER frac-
tions were contaminated with approximately 20% of pro-
teins from other organelles but not to any appreciable ex-
tent with Golgi. The Golgi fractions were contaminated to
an extent of 15% from other organelles and potentially as
high as 20% from the ER.127, 1265–1281, December 15, 2006 ª2006 Elsevier Inc. 1275
Figure 6. Proteome, Rabs, SNAREs, and Membrome of ER and Golgi Proteins of Rat Liver Parenchyma
(A) All contaminants have been removed, as well as proteins characterized as biosynthetic cargo. Proteins were considered as ER or Golgi/COPI
vesicles if peptides were uniquely assigned to these proteins in RM and SM fractions (832 proteins) or Golgi/COPI vesicle fractions (193 proteins)
or were shared between the two (405).
(B) Rabs and SNAREs characterized by proteomics. The mean redundant peptides assigned to Rabs and SNAREs from each subcellular fraction from
Table S1D are plotted.
(C) Comparison of protein expression profiles and RNA expression profiles (liver1 and liver2) for the membrome. For (B) and (C), protein expression
data are from Table S1D and liver RNA expression data are from Gurkan et al. (2005). Hierarchical clustering was applied only to the proteins, and the1276 Cell 127, 1265–1281, December 15, 2006 ª2006 Elsevier Inc.
By focusing on the contamination problem, ERp44 was
deduced to have a predicted Golgi location by proteo-
mics. This would be unprecedented for a PDI ortholog
with a C-terminal RDEL retrieval motif. ERp44 was identi-
fied by Anelli et al. (2002) as an ER-located binding partner
for Ero1 and the protein responsible for thiol-mediated re-
tention of client proteins. The proteomics prediction was
confirmed by immunolocalization with an ERp44 antibody.
A predominant juxtanuclear staining pattern typical of the
Golgi apparatus was observed along with a weaker peri-
nuclear and associated reticular staining typical of the ER.
Golgi Proteome
A more global aspect of the study reported here is the ex-
tension of the Golgi proteome to COPI vesicles. The origin,
existence, and biological significance of these vesicles is
highly controversial (Rabouille and Klumperman, 2005).
By examining a morphologically homogenous preparation
that is reproducibly isolated (Figure 4), we find a consistent
pattern (Figure 5A) of enrichment in Golgi-resident pro-
teins and the near exclusion of secretory cargo. A key pre-
diction of the cisternal maturation model is that secretory
cargo remains within Golgi cisternae while Golgi-resident
proteins are sorted into COPI vesicles (Malhotra and
Mayor, 2006). Methodological differences in sample prep-
aration are likely behind the apparent homogeneity of our
COPI vesicle preparation (we allow for GTP hydrolysis by
not excluding ARF-GAPs in our system) as compared to
that of Malsam et al. (2005) (see also Rabouille and Klum-
perman, 2005). Therefore, these proteomics data for rat
liver complement innovative imaging methods in budding
yeast that have also concluded that cisternal maturation is
the most likely concept to define secretory cargo delivery
and test previously unresolved predictions reviewed in
Malhotra and Mayor (2006). Nevertheless, as some bio-
synthetic transmembrane proteins were found in the ves-
icle fraction, the question of whether COPI vesicles trans-
port anterograde cargo as suggested by Malsam et al.
(2005) remains to be resolved.
Rabs and SNAREs
The hypothesis underlying the membrome concept of
Gurkan et al. (2005) is that, given the greater diversity of
Rab proteins than SNARE proteins, Rab proteins mediate
the specificity required for cellular fusion events. The most
prominent Rabs characterized here were Rab1A and 1B.
Despite a high degree of sequence identity (>90%), the
proteomics method clearly distinguished between the
two. Both Rabs showed an identical distribution and rela-
tive abundance. Both have been clearly shown to regulate
Golgi structure and membrane traffic through the Golgi
(Alvarez et al., 2003; Wilson et al., 1994) and, as shown
here, access and are concentrated in COPI vesicles. Al-
though less well understood mechanistically, Rab2a and
Rab14 are both Golgi-localized Rabs (Junutula et al.,RNA expression was ordered according to this clustering. RNA expression
expression values and multiplying by 100.
Cell2004; Short et al., 2001) also shown here to access
COPI vesicles. These four major Rabs detected by proteo-
mics (Figure 6B) contrast with Rab6, which, although
highly concentrated in the Golgi, does not access COPI
vesicles appreciably (Girod et al., 1999). Rab7 is an endo-
somal Rab (Chavrier et al., 1990), but it was identified here
in Golgi and COPI vesicles at a concentration equal to or
higher than in RM and SM fractions. Until proven other-
wise, endosomal contamination is the likely explanation,
even though few endosomal markers were uncovered in
our proteomics study. Although 14 other Rabs were un-
covered here, their abundance is demonstrably lower.
The 16 SNAREs observed here considerably extend our
past proteomics effort to uncover Golgi SNAREs (Bell
et al., 2001). Here, the R-SNARE sec22 and the Q-SNARE
Gos-28 were the most prominent, with both accessing
COPI vesicles along with the less abundant Q-SNAREs
membrin, Vti-1A, B, Bet1, and GS15. By contrast, syntaxin
5 was diminished in COPI vesicles. These predicted distri-
butions now enable more direct testing to gain mechanis-
tic insight into SNARE-mediated fusion events in Golgi
traffic.
Proteins of Unknown Function
345 proteins of unknown function were uncovered in all
fractions analyzed here. A location for 234 proteins is indi-
cated in Figure 7A, with several being unique to COPI ves-
icles. The elucidation of their mechanistic function linked to
their location will open up an entirely new area of investiga-
tion relevant to organelle identity and trafficking mecha-
nisms. The protein distribution predicted by proteomics
was tested by chimeric YFP protein expression for three
of these. During the course of our study, one of them (gi
number 9903607) was described by another group as a cy-
tosolic protein (Bornhauser et al., 2003). By contrast, we
conclude an ER location by redundant peptide counting
and the localization of a YFP chimera. The reticulated pat-
tern of its localization and its saposin B domain lead to our
proposal that the protein be named sapreticulin. The pro-
teomics characterization of 345 proteins of unknown func-
tion complements the 20 new gene products uncovered in
a recent RNAi screen in Drosophila S2 cells to identify new
proteins required for Golgi function (Bard et al., 2006). Us-
ing a criterion of >50% sequence identity over the length of
the protein, we identified two of these, TANGO5 (vacuole
membrane protein 1, gi number 38197344) and TANGO13
(tyrosylprotein sulfotransferase 1, gi number 76779364),
with identical locations (TANGO5, ER; TANGO13, Golgi)
deduced from our proteomics localization method.
Completeness of the Proteome
We conclude that 1430 different proteins have been as-
signed to the secretory pathway (Figure 6A), although we
remain uncertain about plasma membrane and endosomal
contamination. An upper limit of 1424 proteins from currentvalues were normalized to 100% by dividing each value by the sum of all
127, 1265–1281, December 15, 2006 ª2006 Elsevier Inc. 1277
Figure 7. Distribution of Previously Uncharacterized Proteins
(A) Selection of 14 clusters with a correlation coefficient > 0.9 showing the distribution of 234 abundant proteins of unknown function, with marker
proteins of each cluster indicated. The heat map used for hierarchical clustering is shown in Figure S8, and the list of proteins in each cluster is in-
dicated in Table S3D.
(B) Verification of the localization of three selected proteins. Monomeric EYFP (mEYFP)-tagged previously uncharacterized ER proteins were tran-
siently expressed in HeLa cells. At 24 hr after transfection, cells were fixed and permeabilized with methanol at 20C and immunostained with
anti-calnexin. Scale bars = 10 mm.
(C) Distribution of normalized peptides for the three selected proteins in the rough and smooth microsomal fractions (RM and SM) and Golgi (G) and
COPI vesicle fractions (C).1278 Cell 127, 1265–1281, December 15, 2006 ª2006 Elsevier Inc.
bioinformatics tools is predicted from the human database
for the endoplasmic reticulum (Scott et al., 2004b). Of
these, 638 corresponded to proteins in our data set as de-
duced by BLAST. However, for those proteins that do not
match our data set (Table S6), this may be due to the large
number of mitochondrial or plasma membrane proteins or
proteins specific to cell types other than liver parenchyma
observed in this human noncurated database.
These data resolve uncertainties that arise from recent
work on mouse organellar proteins (Foster et al., 2006; Ki-
slinger et al., 2006). Kislinger et al. (2006) used a chemilu-
minescent western blot approach to conclude that crude
fractions of liver homogenates prepared by differential
centrifugation were not crosscontaminated. However, of
the 567 proteins indicated with high confidence to be
localized to liver microsomes, several were plasma
membrane, peroxisomal, nuclear, mitochondrial, and ly-
sosomal proteins, all of which we would consider contam-
inants. Indeed, as expected for such crude fractions, very
few Golgi proteins were detected.
Foster et al. (2006) applied a protein correlation profiling
strategy to map proteins. Here, ion intensity was used to
quantify peptide and protein abundance to ten compart-
ments of mouse liver homogenates resolved by rate zonal
centrifugation. Since the Golgi represents one of these
compartments, it was compared to our data set (Table
S7). Of the 67 proteins concluded to be Golgi by Foster
et al. (2006), our assessment indicated that only 19 were
Golgi (of which 3 were COPI coatomer subunits). Thirty-
five were non-Golgi and 6 were biosynthetic cargo, as in-
dicated in Table S7. The non-Golgi proteins included nu-
clear (histone H2), ribosomal, and endoplasmic reticulum
proteins (torsin A), all of which have been established as
exclusively nuclear (histone H2) or ER (torsin A) (Hewett
et al., 2003). Even highly abundant secretory proteins
were poorly represented.
Therefore, highly enriched samples and an assessment
of contamination by peptide counting may be a preferred
strategy for organellar proteomics. The use of peptide
counting to assign proteins to subcellular locations is
both convenient and informative. In the current study,
this strategy has led to a proteome of the hepatic ER
and Golgi that may be near complete as deduced from bi-
oinformatics predictions (Scott et al., 2004b). Further-
more, the definition of the cargo of COPI vesicles supports
a role for these in cisternal maturation. Additionally, the
subproteome of 345 proteins of unknown function now as-
signed to the secretory pathway with an organellar locali-
zation indicated by quantitative proteomics (validated for
three) opens a new area of investigation wherein the com-
bining of our proteomics database with other databases
(Bard et al., 2006) can be used to mine relationships at
the systems level.
EXPERIMENTAL PROCEDURES
The methodologies for organelle isolation are based on our previously
published protocols (Bell et al., 2001; Dominguez et al., 1999; KartbergCell 1et al., 2005; Paiement et al., 2005). The cell map strategy of 1D SDS-
PAGE, band cutting, tandem mass spectrometry, matching of tandem
mass spectra, and data analysis has been described in part previously
(Bell et al., 2001; Blondeau et al., 2004; Girard et al., 2005). For more
detailed aspects of these protocols and the modifications used here,
see the Supplemental Experimental Procedures.
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures,
Supplemental References, eight tables, and ten figures and can be
found with this article online at http://www.cell.com/cgi/content/full/
127/6/1265/DC1/.
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